(T3SS) to inject effector proteins into host cells and to cause disease. This 48 study shows that expression of T3SS genes is activated in a heterogeneous 49 fashion during colonization of plant tissues. Cell-to-cell differences in T3SS 50 gene expression are likewise observed in the homogeneous environment of 51 nutrient-limited culture medium, where an isogenic bacterial population 52 bifurcates into lineages that express or not the T3SS. Differences in T3SS 53 expression are non-heritable, are established through the action of a double-54 negative regulatory feedback loop, and determine differences in plant disease 55 severity. Phenotypic heterogeneity is therefore a factor that must be considered 56 when portraying bacterial adaptation to plant niches. 57
INTRODUCTION 59
Bacterial infections involve spatial and temporal changes in gene expression 60 that accompany the migration of pathogens from the site of invasion to target 61 tissues. Pathogen progression inside the host is therefore accompanied by 62 physiological adjustments to respond to different stimuli and 63 microenvironments. However, phenotypic changes are not always deterministic, 64 directly correlated with stimuli. Stochastic events such as an uneven distribution 65 of regulators during cell division can produce cell-to-cell differences within a 66 homogeneous microenvironment. This can lead to probabilistic determination of 67 certain phenotypic traits, generally known as phenotypic heterogeneity or 68 phenotypic variation (Davidson and Surette, 2008) . 69 Phenotypic heterogeneity has been known to take place in microbial clonal 70 populations for decades (Bigger, 1944; Novick and Weiner, 1957) . In certain 71 cases, phenotypic heterogeneity merely reflects the occurrence of cell-to-cell 72 differences generated by molecular noise. In other cases, however, phenotypic 73 heterogeneity reflects the occurrence of bistability, the bifurcation of a unimodal 74 physiological state into two distinct states, generating two bacterial 75 subpopulations or lineages. 76 intercellular spaces of the leaf apoplast is heterogeneous ( Fig. S2 and Video S1 150 and S2) and can thus lead to apparent differences in fluorescence intensity as 151 judged by microscopic examination. Therefore, to unequivocally associate 152 potential differences in fluorescence to individual bacteria, we applied single-cell 153
analyses to apoplast-extracted bacteria. Microscopic analysis on apoplast-154 extracted bacteria carrying the T3SS gene fusions to gfp revealed strong cell-to-155 cell differences in fluorescence, supporting that expression of the T3SS genes 156 is phenotypically heterogeneous within the plant (Fig. 1C and 1D ). Bacteria not 157 expressing the genes were found for all three fusions both by microscopic 158 examination (Fig. 1C) , and by flow cytometry analyses (Fig. 1D) , indicating that 159 a subpopulation of bacteria that do not express the T3SS genes does appear 160 during colonization of the host plant tissue. 161 162 P. syringae bifurcates into two subpopulations due to bistable expression 163
of T3SS genes 164
To ascertain whether the phenotypic heterogeneity observed for expression of 165 the T3SS genes was a response to environmental cues or could have 166 stochastic origin, we examined gene expression in the homogeneous 167 environment of nutrient-limited Hrp-inducing medium (HIM) (Huynh et al., 1989 ) 168 (Fig. 2) . Growth in HIM triggers a signalling cascade that activates expression of 169
HrpL, which in turn activates expression of all T3SS genes ( Fig. 2A and B) . A 170 remarkable observation, however, was that all three expression patterns were 171 heterogeneous in HIM, in contrast with those obtained in non-inducing medium 172 (i.e. LB medium, Fig. S3 ). Heterogeneity was higher during exponential growth 173 (24h) than in stationary phase (48h) (Fig. 2B) . In all cultures, a fraction ofbacterial cells carrying gfp fusions displayed fluorescence levels overlapping 175 with those of non-GFP control bacteria (Fig. 2B , centre and right panels). This 176 was particularly clear in exponentially growing bacteria (24h), where expression 177 of all three gfp fusions reached a bistable state (Fig. 2B, centre panels) . 178
Because the differences in T3SS expression between the two subpopulations 179
were not all-or-none, we use the terms TSS3
HIGH and T3SS LOW instead of 180
T3SS
ON and T3SS OFF . Bistability was no longer detected in stationary phase 181 cultures (48h), supporting a reversible and non-genetic origin for the differences 182 observed between subpopulations (Fig. 2B, right panels) . 183
184

Bistability of the T3SS genes requires HrpL and is established through the 185
HrpV/HrpG double-negative regulatory loop 186
Because HrpL activates expression of hrcU and hopAB1 (Xiao and Hutcheson, 187 1994) ( Fig. 2A) ( Fig. 2A) . We analysed the roles of these regulators in the establishment of 206 T3SS bistability using mutants defective in these genes and/or plasmids 207 carrying the individual genes under study. Although bistability in hopAB1::gfp 208 expression was reduced in a ΔhrpA mutant, bimodal expression of the hrpL::gfp 209 fusion was still observed in the absence of HrpA, thus making HrpA an unlikely 210 candidate to be the molecular switch required to trigger the bistable state (Fig.  211   3B) . 212 Bistability of hopAB1::gfp was abolished in a ΔhrpG mutant (Fig. 3C) . In turn, 213 absence of HrpV increased the proportion of cells expressing higher levels of 214 hopAB1::gfp (Fig. 3C ). This happened regardless of the presence of HrpG, as 215 indicated by the fact that a ΔhrpV mutation was epistatic over a ΔhrpG 216 mutation. Constitutive expression of either regulator from a plasmid led to 217 reciprocal results on hopAB1::gfp expression: a stronger bistable phenotype 218 was detected upon overexpression of HrpG, and bistability was abolished in 219 cultures that constitutively expressed HrpV (Fig. 3C) . The effect that constitutive 220 expression of these regulators have on hrpL::gfp closely matched the effect 221 seen on hopAB1::gfp (Fig. 4B) (Fig. 4A, upper panel) . The 237 sorted populations were both virulent, an observation consistent with the fact 238 that bacteria expressing hopAB1 were detected in both subpopulations although 239 in different numbers (Fig. 4A , centre panel and 4B). However, the development 240 of disease symptoms was faster in leaf areas inoculated with the population 241 expressing higher levels of hopAB1, and the symptoms were also stronger (Fig.  242   4B ). The spread of the disease symptoms was also faster beyond the areas 243 inoculated with the T3SS HIGH subpopulation, suggesting a more efficient 244 colonization of distal tissues by this population. Thus, differences in T3SS gene 245 expression appear to correlate with differences in virulence: namely, the 246
T3SS
HIGH subpopulation is more virulent than the T3SS LOW subpopulation. 247 
LOW subpopulations may persist undetected in plant leaves, in a fashion 312 reminiscent of the animal pathogens that cause persistent and chronic 313 infections. Whatever the case, our description of bistable expression of the P. 314 syringae T3SS brings about the notion that subpopulation formation during 315 infection is not restricted to animal pathogens. 316
EXPERIMENTAL PROCEDURES 318
Bacterial strains and growth conditions 319
Bacterial strains used in this work are listed in Table S1 , and plasmids are listed 320 in Table S2 . Escherichia coli and Pseudomonas syringae pv. phaseolicola (Pph) 321 were grown at 37°C and 28°C, respectively, with aeration in Lysogeny Broth 322 (LB) medium (Bertani, 1951) or Hrp-inducing medium (HIM) at pH 5.7 (Huynh et 323 al., 1989) . Solid media contained agar at a final concentration of 15%. 324
Antibiotics were used at the following concentrations: ampicillin (Amp), 100 325 µg/ml for E. coli DH5α, kanamycin (Km), 50 µg/ml for E. coli DH5α and 15 326 µg/ml for Pph 1448A derivative strains. polymerase fragment (Takara, Japan) generating plasmids pDLM6, pDLM7 and 359 pDLM8, respectively. These resulting plasmids were introduced into Pph 1448A 360 and derivatives, as previously described (Zumaquero et al., 2010) . Southern 361 blot analysis, using the nptII gene as a probe, was used to confirm that allelic 362 exchange occurred at a single and correct position within the genome. 363 364
Plant growth and inoculation 365
Phaseolus vulgaris bean cultivar Canadian Wonder plants were grown at 23°C, 366 95% humidity, with artificial light maintained for 16-h periods within the 24-hcycle. For inoculum preparation, bacterial lawns were grown on LB plates for 48 368 h at 28°C and resuspended in 2 mL of 10 mM MgCl 2 . The OD 600 was adjusted 369 to 0.1 (5 x 10 7 colony forming units or cfu/mL) and serial dilutions made to reach 370 the final inoculum concentration. 371
Infiltration of bean leaves for confocal microscopy or symptom development 372 was carried out using a needless syringe and a 5 x 10 6 cfu/ml bacterial 373 suspension in 10 mM MgCl 2 . Infiltration of bean leaves to be analysed for flow 374 cytometry was carried out after dipping a whole leaf into a 5 x 10 8 cfu/ml 375 bacterial solution in 0.01% Silwett L-77 (Crompton Europe Ltd, Evesham, UK), 376 using a pressure chamber. Five days post inoculation (dpi) bacteria were 377 recovered from the plant by an apoplastic fluid extraction. The apoplastic fluid 378 extraction was carried out by pressure infiltrating a whole leaf with 10 ml of a 10 379 mM MgCl 2 solution inside a 20 ml syringe. Following 5 cycles of pressure 380 application, the flow-through was removed and placed in a fresh 50 ml tube, 381 and the leaf retained within the syringe was introduced into another 50 ml tube. . Grey histograms show a strain not expressing GFP. All data was collected for 100,000 events per sample.
